Posttraumatic stress disorder (PTSD) is an anxiety disorder that can develop following exposure to a traumatic event, including terrifying or life-threatening situations such as sexual assault or natural disasters. The disorder is characterized by a reaction of intense fear, helplessness, or horror when the individual experiences, testifies about, or is faced with one or more events that involve death, severe wounds, or a threat to one's own or another's physical integrity. One of the most important symptoms of PTSD is the revival of the traumatic event, which has been interpreted as an inability to downregulate negative emotions. Neuroimaging studies that probed the ability to regulate emotions in healthy volunteers have found a pattern characterized by activation of the prefrontal cortex associated with a reduction in amygdala activity. This suggests an inhibitory prefrontal cortexamygdala circuit that underlies emotional regulation. The hypothesis that increased amygdala activation associated with PTSD results from dysfunction in the inhibitory mechanism exerted by the prefrontal cortex has been the topic of debate. The present review investigates the validity of dysfunction in the prefrontal-amygdala pathway in PTSD. The studies provide evidence that the amygdala and prefrontal cortex exhibit distinct activation patterns in PTSD, thus supporting the model of a dysfunctional circuit. Inconsistencies in the literature may be attributable to distinct PTSD subgroups, different experimental approaches, different contrasts employed in neuroimaging studies, and small sample sizes.
Introduction
The regulation of emotions has been defined as the conscious or unconscious strategies to maintain, increase, or decrease one or more components of the emotional response, including feelings, behaviors, and physiological responses involved in the construction of emotions (Gross, 1998 (Gross, , 2002 Mauss, Evers, Wilhelm, & Gross, 2006) . Emotional regulation is a fundamental skill for social interaction, directly influencing behavior and emotional expression (Lopes, Salovey, Cote, & Beers, 2005; Mocaiber et al., 2010) . Studies have shown that individual differences in the dimensions of positive affect traits , anxiety levels (Mauss, Wilhelm, & Gross, 2003; Gillath, Bunge, Shaver, Wendelken, & Mikulincer, 2005; Mocaiber et al., 2009) , prosocial tendencies (Lopes et al., 2005) , and hemispheric asymmetry activation profiles (Jackson et al., 2003) influence the ability to regulate emotions. Moreover, some mental disorders are partially characterized by the persistence of negative emotions in which the inability to regulate them appears to play an important role in the development and maintenance of such disorders (Campbell-Sills, Barlow, Brown, & Hofmann, 2006) .
Several studies have been conducted to understand the neural substrates of emotional regulation. Researchers have proposed that the brain circuits associated with emotional regulation include regions of the prefrontal cortex (PFC), amygdala, and anterior cingulate cortex (ACC; Davidson, Putnam, & Larson, 2000) . Recent research specifically emphasized the role of distinct subdivisions of the PFC in emotional regulation. Several studies have found activation in the orbitofrontal cortex (OFC), dorsolateral PFC (dlPFC), dorsomedial PFC (dmPFC), ventromedial PFC (vmPFC), ventrolateral PFC (vlPFC) , and ACC during the cognitive reappraisal of emotional stimuli (Beauregard, Lévesque, & Bourgouin, 2001; Ochsner, Bunge, Gross, & Gabrieli, 2002; Ochsner et al., 2004; Levesque et al., 2004; Phan et al., 2005; Urry et al., 2006; Banks, Eddy, Angstadt, Nathan, & Phan, 2007) . The recruitment of prefrontal regions has been suggested to be associated with a reduction in amygdala activation, a crucial structure for the generation and expression of emotions (Hariri, Bookheimer, & Mazziotta, 2000; Schaefer et al., 2002; Hariri, Mattay, Tessitore, Fera, & Weinberger, 2003; Phan et al., 2005; Urry et al., 2006; Juruena et al., 2010) . Therefore, a proposition that explains the neural mechanism that underlies emotional regulation would involve a possible inhibitory PFCamygdala pathway (Davidson et al., 2000) .
The involvement of multiple prefrontal areas during emotional regulation and its relationship with amygdala activity has raised the question of which specific subdivisions of the PFC are involved in the different forms of emotional regulation. Studies on cognitive reevaluation (reappraisal) observed a significant activation pattern in the PFC (dorsal and lateral regions) associated with a decrease in amygdala activation, thus suggesting that the former might modulate its activity through top-down inhibitory mechanisms (Beauregard et al., 2001; Ochsner et al., 2002; Levesque et al., 2003 Levesque et al., , 2004 Ochsner et al., 2004; Phan et al., 2005; Ray et al., 2005; Ohira et al., 2006) . Eippert et al. (2007) investigated the effect of PFC modulation of amygdala activity during the visualization of threat-related pictures. The authors used functional magnetic resonance imaging (fMRI) to investigate the brain structures activated when volunteers visualized threat-related images. The volunteers were instructed to regulate their emotions through strategies of cognitive reevaluation to increase or decrease their emotional responses. A decrease in negative affect during the visualization of threatening images was associated with activation of the anterior cingulate cortex, dlPFC, and left OFC. The same activation pattern was found bilaterally during the increase in negative affect. Both an increase and decrease in amygdala activity was observed during the use of emotional regulation strategies aimed at increasing and decreasing negative affect, respectively. This work demonstrated that the amygdala responses to threat-related stimuli can be modulated by cognitive strategies depending on the recruitment of prefrontal regions (Eippert et al., 2007) . A similar study (Urry et al., 2006) supported this hypothesis. The relationship between responses of the PFC and amygdala during emotional regulation was specifically evaluated in an elderly population. During a cognitive reevaluation situation in which subjects voluntarily reduced the elicitation of negative emotion, an inverse correlation was found between vmPFC and amygdala activity, suggesting a possible inhibitory role played by the former.
Classic studies that used animals and humans (Morgan, Romanski, & LeDoux, 1993; Sotres-Bayon, Cain, & LeDoux, 2006; Schiller, Levy, Niv, LeDoux, & Phelps, 2008; Delgado, Neaering, LeDoux, & Phelps, 2008; Hartley & Phelps, 2010) demonstrated that the PFC is fundamental for the extinction of conditioned fear. One study (Morgan & LeDoux, 1999) investigated the neural basis of such extinction and showed that the mPFC plays a key role in the regulation of conditioned fear extinction in rats. Therefore, understanding how this mechanism was involved in anxiety disorders such as phobias, panic disorder, and PTSD in humans, was needed because these pathologies have been associated with the impaired extinction of aversive memories. In fact, recent studies reported that several forms of emotional regulation (e.g., extinction, cognitive regulation, and memory reconsolidation) depend on neural substrates related to a common pathway involved in the processing of aversive stimuli (Delgado et al., 2008; Hartley & Phelps, 2010) .
The model of amygdala inhibition by the PFC has been the focus of several studies to explain the neural correlates of certain psychiatric disorders such as depression (Drevets et al., 1992; Beauregard, Paquette, & Levesque, 2006; Johnstone, van Reekum, Urry, Kalin, & Davidson, 2007) , anxiety (Lanius et al., 2004) , social phobia (Birbaumer et al., 1998) , and PTSD (Bryant et al., 2005) . The increased amygdala activation observed in some psychiatric disorders is hypothesized to result from dysfunction of the inhibitory mechanism exerted by the PFC (Rauch et al., 2000) . For example, an overactive amygdala may be associated with the symptoms of hyperarousal generally found in PTSD, including exaggerated startle responses, irritability, anger outbursts, and general hypervigilance (Weiss, 2007) .
However, the question of which specific prefrontal connections regulate amygdala modulation remains unanswered. The dlPFC has few connections with the amygdala and is unlikely to directly influence the activity of this structure (McDonald, 1998) . The dlPFC might influence amygdala activity by modulating posterior areas of perceptual processing (i.e., occipital/parietal cortex) to influence amygdala activation (Ochsner et al., 2002; . One possible alternative is that the dlPFC influences the amygdala through the OFC, which is situated at the junction between prefrontal and limbic areas, exhibiting dense connections with both the dlPFC and amygdala in primates (McDonald, 1998; Ghashghaei, Hilgetag, & Barbas, 2007) . Anatomically, the vmPFC in primates is densely connected with the amygdala (Barbas, 1995; Carmichael & Price, 1995) .
Thus, the prefrontal region possibly related to inhibitory control over the amygdala may be the vmPFC (Price, 2005) . A functional study showed an inverse correlation between the vmPFC and amygdala during a task of emotional regulation, thus strengthening the hypothesis that this PFC region plays a key role in affect regulation (Urry et al., 2006) . The vmPFC has dense connections with the amygdala, facilitating bidirectional communication between these areas (Stefanacci & Amaral, 2002) . Data that support the assertion that the vmPFC exerts inhibitory control over the amygdala have shown it is critically involved in the pathogenesis of PTSD. The model proposes that amygdala activity plays a crucial role in the experience of negative affect, such as experiences of anxiety (Koenigs & Grafman, 2009 ). In healthy brains, this activity is thought to be regulated via top-down inputs by the vmPFC, reducing the experience of negative affect. However, dysfunctional vmPFC activity may impair amygdala inhibition, resulting in a hyperactive amygdala and pathological distress, such as that seen in PTSD.
Thus, the present review assesses the validity of the PFC-amygdala circuit as a main neural correlate of the emotional regulation deficits observed in PTSD. A bibliographic search was performed in the Medline, LILACS, Scielo, ISI, and Cochrane databases using the terms "post-traumatic stress disorder (PTSD)," "prefrontal cortex," and "amygdala" for studies published between 1996 and 2010. We used 101 papers that were directly related to our theoretical proposition.
Amygdala-prefrontal cortex model in the pathophysiology of posttraumatic stress disorder
Posttraumatic stress disorder is an anxiety disorder that develops following exposure to a traumatic event. Events that precipitate PTSD include terrifying or lifethreatening situations such as sexual assault and natural disasters. The disorder is characterized by a reaction of intense fear, helplessness, or horror when the individual experiences, testifies about, or is faced with one or more events that involve death, severe wounds, or a threat to one's own or another's physical integrity. The symptoms include reexperiencing the traumatic event, avoidance of trauma-related situations, blunted affect (emotional numbness), and hyperarousal (American Psychiatric Association [APA], 1994) .
Posttraumatic stress disorder is one psychiatric condition in which disruption of amygdala inhibition through prefrontal structures has been proposed to explain the pathophysiology of the disorder. Studies that investigated negative emotional processing in PTSD patients demonstrated hypoactivation of the mPFC but hyperactivation of the amygdala (Etkin & Wager, 2007) . Thus, the PFC-amygdala dysfunction model comprises two main elements: (i) the emotional distress that characterizes PTSD arises from amygdala hyperactivity and (ii) amygdala hyperactivation is caused by defective inhibition from a hypoactive mPFC (Milad, Rauch, Pitman, & Quirk, 2006; Rauch, Shin, & Phelps, 2006) .
The role of the amygdala in this model is supported by animal studies that emphasized its implication in memory consolidation. The amygdala modulates memory consolidation with the storage of emotionally relevant information and plays a critical role in fear and anxiety. For example, neuronal morphology and neurotransmitter content in the amygdala in rats exposed to a single prolonged stressor as an animal model for human PTSD has been investigated (Cui, Sakamoto, Higashi, & Kawata, 2008) . Changes in morphology (i.e., an increase in dendritic arborization of pyramidal neurons in the basolateral amygdala) induced by a single prolonged stressor were mediated through enhanced neuropeptide Y function. The authors suggested that this structural plasticity in the amygdala may provide a cellular and molecular basis of psychiatric disorders such as PTSD.
In neuroimaging and lesion studies in humans, mPFC-mediated inhibition of the amygdala has been suggested to be a neural mechanism involved in the extinction of fear conditioning. This is relevant because PTSD symptomatology has been linked to a defect in fear extinction processes (Milad et al., 2006; . Posttraumatic stress disorder can be seen as a failure in the trauma recovery process (Yehuda & LeDoux, 2007) . The disorder may also result from an enhanced association between a traumatic event (unconditioned stimulus) and the environment (conditioned stimulus), such as that seen in aversive conditioning (Charney & Deutch, 1996; Pitman, 1989; Wessa & Flor, 2007; Yehuda & LeDoux, 2007) . In fact, studies that used the aversive conditioning model in patients diagnosed with PTSD found an enhanced response, indexed by heart rate and skin conductance, during the phases of fear conditioning and extinction Peri, BenShakhar, Orr, & Shalev, 2000) .
The neural correlates of fear conditioning and extinction processes in patients with PTSD were investigated by Bremner et al. (2005) using positron emission tomography. Women who were sexually abused during childhood and subsequently diagnosed with PTSD performed a task in which the conditioned and unconditioned stimuli were a blue square and electric shock, respectively. Compared with the control group (i.e., women with no history of sexual abuse), women with PTSD exhibited increased activation of the amygdala during the acquisition phase of conditioning, whereas during the extinction phase, a decrease was found in ACC activity (Bremner et al. 2005) . Milad et al. (2009) investigated whether the extinction of fear responses is impaired in PTSD and whether such impairment is related to dysfunctional activation of brain regions known to be involved in fear extinction. In the PTSD group, greater amygdala activation was observed during extinction learning, with lesser activation of the vmPFC during extinction recall. Moreover, the magnitude of extinction across all subjects correlated with vmPFC activation during extinction recall testing, supporting the hypothesis that fear extinction is impaired in PTSD.
As described in the following sections, other studies have also observed changes in brain responses in PTSD patients using diverse trauma-and nontraumarelated stimuli.
Brain processing of trauma-related stimuli assessed by script-driven imagery paradigms
The advantage of using stimulation related to the trauma is the possibility of inducing and reproducing PTSD symptoms in the laboratory, which allows the processing of the traumatic event to be directly investigated. The best established paradigm for this approach is the "scriptdriven imagery" in which the participants are instructed to carefully listen to a script specifically related to their trauma and imagine the event as vividly as possible.
Based on this approach, Rauch et al. (1996) conducted a study on PTSD patients using positron emission tomography. Increased activation was found in the amygdala, rostral anterior cingulate cortex, and other paralimbic regions when participants listened to the traumatic script compared with the neutral script. Shin et al. (1999) used a similar methodology and found that patients with PTSD had increased activity in the orbitofrontal cortex compared with controls (i.e., participants with a history of trauma but not diagnosed with PTSD). Moreover, the PTSD group exhibited decreased activation of the ACC and prefrontal regions in general. Interestingly, decreased activity in the left inferior frontal gyrus was observed only in PTSD patients during exposure to the traumatic script, thus suggesting a change in prefrontal region function and supporting the model of PFC-amygdala dysfunction in PTSD.
The same group of researchers studied Vietnam veterans and army nurses with and without a diagnosis of PTSD (Shin et al., 2004a) . In the PTSD group, decreased activity of the medial frontal gyrus was found during exposure to a traumatic script compared with a neutral script. An increase in amygdala activity was also observed exclusively in the group of veterans who suffered from PTSD. Notably, both veterans and nurses exhibited an inverse correlation between the activity levels of the medial frontal gyrus and amygdala. Additionally, symptom severity was found to positively and negatively correlate with amygdala and medial frontal gyrus activity, respectively. These findings strongly suggest that PTSD symptoms may be related to PFC-amygdala circuit dysfunction.
However, some evidence contradicts the PFCamygdala dysfunction model. Using the script-driven imagery paradigm, Gilboa et al. (2004) conducted an analysis of connectivity to investigate the pattern of brain activation in subjects with a history of work or motor vehicle accidents, half of whom were diagnosed with PTSD. This type of analysis allows one to observe the relationships between the activation patterns of different cerebral areas, which might indicate functional connectivity. Such analyses showed a positive relationship between amygdala activity and the activity of other structures, such as the ACC and sub-callous gyrus, in PTSD subjects. Because no expected pattern was observed, the proposed model of amygdala inhibitory circuits through prefrontal structures was not corroborated.
Some research has found peculiar results. Britton, Phan, Taylor, Figure, and Liberzon (2005) studied a sample of war veterans with and without PTSD and a group of subjects who never fought in wars (controls). In the comparison between traumatic/stressful and neutral scripts, the three groups exhibited deactivation in the mPFC but in different regions. Veterans with PTSD exhibited deactivation in the rostral ACC (rACC), whereas those without PTSD and controls exhibited deactivation in the vmPFC. With regard to the amygdala, the results were even more intriguing. No results were found for the amygdala in the group of veterans with PTSD, whereas those without PTSD (i.e., the resilient group) exhibited deactivation in this region (i.e., heightened response to the neutral script). The control group, in contrast, exhibited amygdala activation. Additionally, amygdala activity inversely correlated with the traumatic experience, which disagrees with the hypothesis of amygdala hyperactivity in PTSD symptomatology.
Two fMRI studies provided relevant evidence that favors the model of a dysfunctional PFC-amygdala circuit in PTSD. The first study showed a decrease in the activity of medial prefrontal regions in PTSD subjects compared with controls (i.e., traumatized subjects without a diagnosis of PTSD) when exposed to traumatic scripts (Lanius et al., 2001 ). The second study investigated whether nontraumatic autobiographic negative scripts produced the same pattern of brain activity (Lanius et al., 2003) . An activation pattern similar to that observed for trauma-related script-driven imagery was found (i.e., decreased activation in the anterior cingulate gyrus in PTSD patients compared with controls). Lindauer et al. (2004) studied brain activation patterns in police officers with and without PTSD using single photon emission computed tomography. In the comparison between traumatic and neutral scripts, reduced activation in the medial frontal gyrus was observed in PTSD subjects compared with controls (i.e., police officers without PTSD), supporting the PFCamygdala dysfunction model.
Processing of trauma-related stimuli: other paradigms
In addition to script-driven imagery, other paradigms have been used to investigate the neurobiology of PTSD. These paradigms include other trauma-related stimuli, such as words, sounds, images, and even smells, that lead to the traumatic experience. Protopopescu et al. (2005) studied the processing of trauma-related words in individuals with PTSD using fMRI. The work investigated the time course of amygdala activation in response to negative words (general words and words related to the trauma). Initially, patients with PTSD had increased activity in the left amygdala only during the processing of trauma-related words. The response of the amygdala was found to positively correlate with the severity of PTSD symptoms. These finding also lend support to the hypothesis of PFC-amygdala circuit dysfunction in PTSD. Shin et al. (1997) investigated the neural correlates of visualization and imagery of war-related pictures and negative and neutral pictures in war veterans with and without PTSD. The group of veterans with PTSD exhibited increased activity in the right amygdala and ventral anterior cingulate gyrus while producing mental images related to combat. Hendler et al. (2003) also investigated the processing of images related and unrelated to war in veterans with and without PTSD. The pictures were or were not presented subliminally. Interestingly, amygdala activation was greater in PTSD subjects than in controls, regardless of the picture content and level of consciousness at which the picture was presented, suggesting general amygdala hyperactivity in PTSD. Morey, Petty, Cooper, Labar, and McCarthy (2008) conducted a study in which Iraqi and Afghanistan veterans were exposed to neutral and war pictures intercalated with a cognitive task. This task consisted of pushing a key for recognition of geometric shapes (circles and squares). During the visualization of trauma-related pictures, a positive correlation was found between the severity of PTSD symptoms and activation of the vmPFC, inferior frontal gyrus, and anterior cingulate gyrus. Such a finding was interpreted as a greater prefrontal involvement in an attempt to regulate affect. Additionally, a negative correlation was found between symptom severity and activation in cognitive-processing areas (i.e., medial frontal and dorsal anterior cingulate gyri) during the performance of the cognitive task, suggesting executive function impairment in PTSD patients. This finding also suggests different patterns of brain activation in PTSD depending on symptom severity and the type of processing system recruited.
Researchers have also employed sounds to investigate the neural circuits that underlie PTSD . Three groups of volunteers (veterans with PTSD, veterans without PTSD, and individuals who never fought in war) were exposed to war-related sounds (e.g., explosions, helicopters, shootouts) and neutral sounds. The results showed activation in the ACC and medial prefrontal gyrus in the three groups of subjects. However, increased activation in the left amygdala was noted only in veterans with PTSD. Thus, although no specific decrease in prefrontal activity had been identified, amygdala hyperactivity supported the model assessed in the present article.
In studies that used similar methodologies, Zubieta et al. (1999) reported hyperactivation of the mPFC in response to trauma-related sounds in war veterans with PTSD, providing contradictory evidence for the present model. Bremner et al. (1999) observed that exposure to sounds and images of war resulted in decreased activity in the mPFC in veterans with PTSD. Pissiota et al. (2002) noted that veterans with PTSD exhibited increased activity in the right amygdala and periaqueductal gray matter (PAG) in response to war-related sounds compared with controls (i.e., neutral sounds), supporting the validity of amygdala activity disruption.
Brain responses to olfactory cues have also been investigated in patients with PTSD. War veterans with and without PTSD were exposed to odors that might be related to their trauma (e.g., the smell of fuel), negative nontrauma-related odors (e.g., hydrogen sulfide), positive odors (e.g., vanilla), and neutral stimuli (e.g., odorless air). The study showed that veterans with PTSD reported that the fuel smell was the most negative and stressful odor compared with the control odors. The exposure to such an odor was related to increased activity in the amygdala, insula, and ACC. A decrease in lateral PFC activity was also observed (Vermetten, Schmahl, Southwick, & Bremner, 2007) .
Two studies that used trauma-related pictures (Yang, Wu, Hsu, & Ker, 2004) and words (Bremner et al., 2003) reported hyperactivation of the ACC in patients with PTSD. However, other studies reported increased activation in this structure during the processing of trauma-related stimuli Zubieta et al., 1999; Vermetten et al., 2007; Morey et al., 2008) .
Despite these various findings, the main result was decreased activity in medial prefrontal areas (i.e., ACC) associated with increased activation of the amygdala during trauma-related stimulus processing. However, some studies also found increased activation in prefrontal structures including the ACC itself, thus leaving the issue open regarding which specific prefrontal region plays a key role in the model of PFCamygdala circuit dysfunction.
Processing of nontrauma-related stimuli
Another approach usually used in PTSD neuroimaging studies is nontrauma-related stimulation, in which emotional facial expressions are taken into account. This approach is based on the idea that PTSD may be generally linked to changes in the processing of emotional stimuli and not specifically to trauma-related stimuli. This view widens the possibility that PTSD involves not only fear conditioning, which has indeed been debated in the literature (Koenigs & Grafman, 2009; Shin & Handwerger, 2009) .
With the aim of observing general fear processing in patients with PTSD, Williams et al. (2006) employed facial expressions as nontrauma-related stimuli. Groups of individuals with and without PTSD were instructed to pay attention to either neutral or fearful faces. Compared with the control group, the PTSD group showed a reduction in the activity of the mPFC, particularly the right ACC, during the visualization of fearful images. Nevertheless, no increase in amygdala activity was observed (Williams et al., 2006) . In a similar work that used fearful, neutral, and happy faces, Shin et al. (2005) studied firemen and war veterans with and without PTSD. The group of PTSD subjects exhibited increased activity in the amygdala and decreased activity in the mPFC in response to fearful faces compared with happy faces. Additionally, a negative correlation was found between amygdala and mPFC activity, supporting the idea of failure in the regulation of amygdala activity in subjects with PTSD.
Although the pattern of prefrontal hyperactivity was previously described in facial expression paradigms (Shin et al., 2005; Williams et al., 2006) , an earlier study (Rauch et al., 2000) reported no significant results for the PFC. These authors found only an increase in amygdala activity in response to negative faces compared with positive faces and a positive correlation between PTSD symptom severity and amygdala activity. The fact that emotional faces were presented for only 33 ms (i.e., without the subject's conscious awareness of their display) may have minimized the role of the mPFC, justifying the absence of results regarding these high-order areas (Williams et al., 2006) . However, another work that used masked faces in a shorter period of time (16.7 ms) found not only amygdala activation in response to fearful faces but also activation of the mPFC (Bryant et al., 2008) . Armony, Corbo, Clement, and Brunet (2005) examined the amygdala response to the visualization of happy and fearful facial expressions. The sample included individuals who had been recently traumatized and presented acute PTSD. In the condition in which faces were masked, a positive correlation was found between amygdala activity and PTSD severity during the visualization of fearful faces, suggesting that changes in the amygdala may already appear before the establishment of chronic PTSD itself.
The emotional Stroop test demonstrated decreased activity in the ACC in PTSD patients (Shin et al., 2001; Bremner et al., 2004) , a finding that was not observed in the classic Stroop test (Stroop, 1935) , which might indicate specific cingulate cortex dysfunction for emotional stimuli in PTSD (Bremner et al., 2004) .
Under resting conditions, Chung et al. (2006) found increased activity in the amygdala and other limbic areas in addition to a decrease in the superior frontal gyrus in PTSD patients compared with controls (i.e., no trauma). These results appear to reflect a generalized failure in the ability to regulate emotions. Phan, Britton, Taylor, Figure, and Liberzon (2006) , however, studied three groups of subjects (i.e., veterans with PTSD, veterans without PTSD, and nonveterans without PSTD) and found differences in the activation of amygdala and mPFC regions that do not fit the model of amygdala hyperactivity and mPFC hypofunction. The paradigm consisted of visualizing aversive, neutral, and blank pictures on the screen. Increased activity in the dorsal area of the mPFC was observed in the three groups in response to the negative images compared with the neutral images. Importantly, only the group of veterans without PTSD exhibited activation in the vmPFC, a possible pathway for amygdala downregulation. These findings indicate the need to identify more precisely the prefrontal regions involved in emotional regulation.
In summary, studies of nontrauma-related stimuli have also provided various results, with a predominant reduction in the activity of the mPFC and increased amygdala activation. Altogether, these results suggest that the general processing of emotions is altered in individuals with PTSD.
Relationships of causality between the prefrontal-amygdala circuit and the development of PTSD
The majority of imaging studies reveal the neural correlates of a given process but do not indicate causality. However, lesion studies, by principle, can elucidate the causal contribution of a brain region to a specific function. By definition, lesion studies can contribute to the elucidation of whether a causal relationship exists between the mPFC and amygdala in PTSD by determining the areas that influence the development of such a disorder. In the recent Vietnam Head Injury Study, researchers tested the main prediction of the mPFCamygdala model of PTSD pathogenesis (Koenigs et al., 2008) . The predictions were that if PTSD symptomatology was caused by amygdala hyperactivity attributable to mPFC dysfunction, then veterans with amygdala damage would have a reduced likelihood of developing PTSD. Veterans with PFC damage but an intact amygdala would also have a greater probability of developing PTSD. They studied war veterans distributed in the following groups:
(1) lesions of the vmPFC (n = 40), (2) lesions of the amygdala (n = 15), (3) lesions that affected neither the vmPFC nor amygdala (n = 133), and (4) no brain lesions (n = 52). Almost half (48%) of the veterans without brain lesions developed PTSD, which was similar to the prevalence (40%) observed in veterans with lesions that involved neither the vmPFC nor amygdala. None of the veterans with focal lesions of the amygdala developed PTSD, thus suggesting that this structure plays a crucial role in the pathophysiology of the disorder. Nevertheless, in clear contrast to the predictions associated with the PFC-amygdala model, the prevalence of PTSD in the group of patients with lesions of the vmPFC was significantly lower (18%). This decreased susceptibility to PTSD suggests that the mPFC-amygdala interaction is not uniformly inhibitory. The neurobiological basis of the mPFC-amygdala interaction depends on distinct excitation and inhibition circuits. Animal studies indicate that vmPFC inputs may have opposite effects, depending on the target nucleus and particular vmPFC subfield from which the input originates (Likthik, Pelletier, Paz, & Paré, 2005; Quirk, Likhtik, Pelletier, & Paré, 2003) . Thus, further research will be necessary to elucidate the nature of the interaction between the vmPFC and amygdala and how dysfunction in this circuit contributes to the pathogenesis of PTSD.
Other studies indicated that the protection that results from lesions of the amygdala requires further investigation because previous reports showed that individuals who had half of their amygdala surgically removed developed PTSD (Adami, Konig, Vetter, Hausmann, & Conca, 2006; Smith, Abou-Khalil, & Zald, 2008) . Adami et al. (2006) conducted a case study of a 19-year-old patient with a history of childhood abuse who presented PTSD symptoms 2 weeks after a surgery that resected the left amygdala because of severe epilepsy. Additionally, Smith et al. (2008) reported a case of a 48-year-old woman who presented severe epilepsy and had her left amygdala removed. Two years later, she developed PTSD after suffering a car accident. Therefore, the protective role of lesions of the amygdala in the development of PTSD should be interpreted with caution.
To determine the risk factors for developing PTSD, Shin and Handwerger (2009) recently studied monozygotic twins who differed in their exposure to the Vietnam War. Veterans with PTSD and their twin brothers who were not exposed to war exhibited higher rates of cerebral glucose metabolism in the dorsal anterior/ midcingulate cortices compared with those without PTSD and their respective twins. Critically, the activity of these areas in the non-exposed twin correlated with the severity of PTSD symptoms in twins exposed to such trauma. In fact, hyperactivity of the dorsal ACC (dACC) in PTSD related to emotional or conscious experience has been proposed (Etkin & Wager, 2007) . The rACC appears to be more directly linked to the PFC-amygdala dysfunction model once it is associated with the mechanisms of emotional regulation (Etkin & Wager, 2007) .
Discussion
Classic studies on fear conditioning and extinction in animals have provided a basis for a model of the brain circuits involved in anxiety disorders in humans, such as PTSD. The fundamental hypothesis is that PTSD is characterized by hyperactivity of the amygdala with concomitant failure in the top-down inhibitory control mediated by PFC regions. Notably, however, PTSD, despite the similarity, is not restricted to Pavlovian conditioning. PTSD is a condition with very characteristic symptoms of dissociation and revival, with not only an enhanced reaction to fear but also a variety of other emotions such as blame, shame, sadness, and anger (Koenigs & Grafman, 2009; Shin & Handwerger, 2009) . Several human neuroimaging studies noted that the most common findings are actually hyperactivity of the amygdala and mainly a decrease in the activity of mPFC structures, although some studies point in other directions. Koenigs and Grafman (2009) addressed the hypothesis of enhanced activation of the amygdala in PTSD in which responses to fear and anxiety were abolished after amygdala lesions. A first possibility is that amygdala damage abolishes the development of PTSD among combat veterans and supports the assertion that amygdala hyperactivity plays a causal role in the pathophysiology of PTSD. A second possibility is that emotional memory enhancement observed in PTSD relies on amygdala hyperactivity. A third possibility is that the role of the amygdala is related to the function of the detection and evaluation of environmental cues, which may signal threats. Such detection appears to be exaggerated in PTSD. Obviously, these hypotheses are not mutually exclusive. An extensive lesion of the amygdala can impede the development of PTSD by impairing the detection of threatening cues, impeding the expression of fear and anxiety and altering the formation of emotional memories.
The role of the medial prefrontal regions in PTSD, such as the anterior cingulate and ventromedial and orbitofrontal cortices, include various functions of complex and interconnected structures. The most common proposition is that a hypoactive mPFC would fail to regulate the responses of the amygdala, thus impairing fear extinction and the mechanisms of emotional regulation (Etkin & Wager, 2007; Yehuda & LeDoux, 2007) . Koenigs and Grafman (2009) also suggested the hypothesis that a hypoactive mPFC can result from the chronic stress associated with PTSD or perhaps amygdala dysfunction. The authors suggested that the role of the mPFC in PTSD may extend beyond amygdala inhibition, possibly mediating the patients' subjective experience of trauma. A hypoactive mPFC could lessen the subjective response to the traumatic experience by decreasing emotional responses, such as blame and shame, and acting to protect against the trauma. However, some studies of PTSD found a hyperactive mPFC, making the interpretation of the role of this structure in this disorder difficult. Different mPFC nuclei might be related to different functions involved in emotion generation and emotional regulation. Britton et al. (2005) found dACC activation and ventral ACC deactivation, supporting the hypothesis that different subdivisions of the ACC play differential roles in PTSD. Etkin and Wager (2007) mentioned that the rACC might reflect resilience and emotional regulation mechanisms. Thus, hypoactivity of this structure would reflect a failure of emotional regulation. The dACC, in turn, would be related to emotional or conscious experience. Hypoactivation, therefore, could be related to symptoms of emotional numbness and dissociation, whereas hyperactivation could be related to increased negative subjective experience.
In conclusion, the diversity of findings may derive from the fact that PTSD is a syndrome with a considerable heterogeneity of symptoms between individual patients. Some authors suggested the existence of distinct PTSD subgroups with specific underlying pathophysiology. In fact, a dissociative subtype of PTSD has been proposed (Lanius et al., 2010) Charney (2003) stated that the inconsistencies observed in the results of studies on anxiety disorders highlight the importance of addressing the neurobiological heterogeneity within psychiatric diagnoses. This aim can be achieved through the application of genetic, neuroimaging, and neurochemical approaches that can refine anxiety disorder phenotypes and elucidate the genotypes associated with these disorders. The complex influence of factors that mediate risk and resilience in the development of PTSD and other stress-related psychopathology was discussed in a recent review (Jovanovic & Ressler, 2010) . Biological factors such as genotype and neurobiology appear to interact with environmental factors such as childhood background and trauma load, affecting the pattern of reactivity and recovery in the aftermath of trauma exposure.
Nonetheless, amygdala and prefrontal structures exhibit distinct patterns in PTSD, thus supporting the model of a dysfunctional circuit (see Table 1 ). Importantly, other structures are also frequently found to have altered activity in patients with PTSD, such as the hippocampus (Shin et al., 2004b; Rauch et al., 2006) and visual cortex (Hendler et al., 2003) . Neuroimaging studies have unquestionably allowed us to deepen our knowledge of the structural and physiological changes observed in patients with PTSD. Nevertheless, further studies are needed to better understand the neural correlates of such a complex and diverse disorder. 
